Leber hereditary optic neuropathy (LHON) is the most extensively studied mitochondrial disease, with the majority of the cases being caused by one of three primary mitochondrial DNA (mtDNA) mutations. Incomplete disease penetrance and gender bias are two features of LHON and indicate involvement of additional genetic or environmental factors in the pathogenesis of the disorder. Haplogroups J, K, and H have been shown to influence the clinical expression of LHON in subjects harboring primary mutations in European families. However, whether mtDNA haplogroups would affect the penetrance of LHON in East Asian families has not been evaluated yet. By studying the penetrance of LHON in 1859 individuals from 182 Chinese families (including one from Cambodia) with the m.11778G/A mutation, we found that haplogroup M7b1 0 2 significantly increases the risk of visual loss, whereas M8a has a protective effect. Analyses of the complete mtDNA sequences from LHON families with m.11778G/A narrow the association of disease expression to m.12811T/C (Y159H) in the NADH dehydrogenase 5 gene (MT-ND5) in haplogroup M7b1 0 2 and suggest that the specific combination of amino acid changes (A20T-T53I) in the ATP synthase 6 protein (MT-ATP6) caused by m.8584G/A and m.8684C/T might account for the beneficial background effect of M8a. Protein secondary-structure prediction for the MT-ATP6 with the two M8a-specific amino acid changes further supported our inferences. These findings will assist in further understanding the pathogenesis of LHON and guide future genetic counseling in East Asian patients with m.11778G/A.
Leber hereditary optic neuropathy (LHON, MIM 535000) is a common cause of acute or subacute visual loss in young adults, predominately affecting males. [1] [2] [3] [4] The prevalence of LHON in western Europe is about one in 25,000-50,000 individuals. 1, 5, 6 Genetic defects in the mito- 1, 4, 6 However, the phenotypic expression of these primary mutations is very complex. Only about one-third of individuals harboring one of these three mutations eventually develop LHON, and the penetrance varies among different families. 1, 7, 8 Therefore, identification of other factors affecting LHON penetrance would be of value in elucidating the pathophysiology of retinal neuron loss, as well as in searching for clues that might relieve visual loss or prevent the onset of LHON. Many factors, such as mtDNA background, heteroplasmy of mtDNA mutation, nuclear gene(s), and environmental factors, have been shown to play active roles in the phenotypic expression of LHON. 1, 4, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Most recently, Hudson et al. 7 provided clear evidence that the expression of LHON primary mutations was influenced by the mtDNA haplogroup background in European families. The risk of visual failure is higher when m.11778G/ A or m.14484T/C mutations are present in haplogroup J and when m.3460G/A is present in haplogroup K, whereas haplogroup H reduces the disease manifestation in families with m.11778G/A. 7 The cause of the association of mtDNA background effect (subclades J1 and J2b) with LHON expression in families with m.11778G/A or m.14484T/C has been narrowed to two specific combinations of amino acid changes (L236I-F19L and L236I-D171N-V356M) in the cytochrome b gene (MT-CYB; MIM 516020). 21 Because the distribution patterns of the three primary mutations 7, 8 and the matrilineal genetic structures 22, 23 differ remarkably in populations from Europe and East Asia, it is indispensable to disclose the potential haplogroup effects on LHON expression in East Asians. One hundred and seventy-five families with LHON and the m.11778G/A mutation were identified across China from our routine clinical diagnosis of 1369 unrelated subjects suspected of having LHON (including those families that were described in our previous studies 8, [24] [25] [26] ). The presence of the primary mutation m.11778G/A was verified by direct sequencing or allele-specific PCR in all families in the present study. In all cases, we detected no heteroplasmy for the m.11778G/A mutation. The clinical diagnoses were determined at the Zhongshan Ophthalmic Center or by local ophthalmologists. Unaffected individuals were defined as having no vision impairment. Informed consent, conforming to the tenets of the Declaration of Helsinki and following the guidance of sample collection of Human Genetic Disease (863 program) by the ministry of Public Health of China, was obtained from participants prior to this study, which was approved by the institutional review boards of the Zhongshan Ophthalmic Center and the Kunming Institute of Zoology. We followed the available approach to assign each mtDNA to its respective haplogroup, as previously described. 23, 24, 27 In brief, each sample was analyzed for a 1.4 kb fragment (region 16024-850) that covers the entire mtDNA control-region sequence and was classified on the basis of the recognition of the haplogroup motif and its matching or near-matching with reported Chinese mtDNAs. 23, 27 Coding-region mutation motifs (e.g., m.5178C/A [MT-ND2: L237M; MIM 516001] for haplogroup D, recognized by À5176AluI) were screened to further solidify the inferred haplogroup status for some lineages. In addition, LHON penetrance information of ten reported Chinese families with m.11778G/A 25, 26, [28] [29] [30] [31] [32] was also included for analysis in this study. Note that there were some errors in seven of those reported complete mtDNA sequences [28] [29] [30] [31] [32] and that we classified those samples following a well-described strategy. 33, 34 The complete mtDNA sequence was determined in probands from seven M7b families, three F families, three M8a families, and two G families via the same strategy and amplification and sequencing conditions as described in our recent study. 25 Sequence variations were scored relative to the revised Cambridge reference sequence (rCRS).
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The classification tree of the complete mtDNA sequences was drawn via the same procedure as described in our previous studies and others.
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We did not consider the age of subjects as a risk factor for the disease penetrance and included all subjects, irrespective of age, in order to avoid an ascertainment bias in elevating the penetrance value in the pedigree. 7 The following family members were excluded from the analysis:
(1) the first generation, (2) spouses of the matrilineal members, and (3) children of the male member in each family. In total, we evaluated the penetrance of LHON in 1859 individuals carrying the m.11778G/A mutation, from 182 Chinese families that were located in South and North China (including one family from Cambodia). Among these subjects, 50.6% were male and 49.4% were female. Binary logistic regression was used for determining the effects of the variables (sex and haplogroup) on the Table 1 and Table S1 (available online) list the distribution frequencies of mtDNA haplogroups in our cohort of families. The overall pattern was similar to the general profile that was observed in 41 families in our recent study, 24 with haplogroups D, B, and M7 being the prevalent haplogroups. Only four of the 182 families (2.2%) with m.11778G/A belonged to haplogroup F (including family WZ4 reported by Qian et al. 29 ); this frequency was significantly lower than the expected frequency, which ranges from 6%-27% in the regional Chinese populations across China. 23, 37, 39 However, the overall LHON penetrance in these four families ranged from 25%-75% and was not at a lower rate of penetrance compared to that in those families with other haplogroup status ( Table 2 and  Table S2 ). We also failed to observe a significant haplogroup effect of F on the penetrance of LHON (p ¼ 0. (Tables 1 and 3 ). Analysis of the complete mtDNA genomes of the four haplogroup F families with LHON and m.11778G/A failed to provide any useful information ( Figure 1 and Statistical testing was performed on the basis of the original data in Table S2 . The visual failure was regarded as the dependent variable in the binary logistic-regression model. The haplogroups (present in at least four families) were separately introduced into the regression equation with the independent variable sex and the dependent variable visual failure. a 42 small pedigrees were excluded. b When the small pedigrees were not considered, haplogroup F was excluded because of the small number of families. 36 Suffixes ''C'' and ''A'' refer to transversions, and ''þ5C'' signifies an insertion of five cytosines. Deletion and heteroplasmy of a mutation are indicated by suffixes ''d'' and ''h,'' respectively. Back mutations are highlighted by the prefix ''@,'' and recurrent mutations are underlined. The synonymous and nonsynonymous coding-region variants in the samples are further denoted by ''/s'' and ''/ns,'' respectively. Nucleotide variations that are located in the tRNA genes and the rRNA genes are marked with ''/t'' and ''/r,'' respectively. Length mutations of the C-tract in region 303-309 and the m.11778G/A mutation in the 20 mtDNAs were omitted from the tree. Sequence WZ4 is taken from Qian et al. 29 but obscured by several errors ( 33 ). Families Le1244, Le1269, and Le696 are taken from our recent studies. 25, 26 The Japanese LHON patient with intracranial arteriovenous malformation (AVM) is taken from Fujitake et al. 40 haplogroup M8a (p ¼ 0.001, OR ¼ 0.391, 95% CI ¼ 0.224-0.682) ( Table 3) . To minimize the probability of type II errors in the above test, we performed logistic regression by introducing all 14 variables in the regression equation, with the independent variable sex and the dependent variable visual failure. The association between an increased risk of visual loss and haplogroup G is unexpected, because different families belonging to this haplogroup presented strikingly different penetrance patterns. 25, 26 In particular, one reported family (Le696) 26 had a very high penetrance (78.6%) and , respectively. b The search was performed on Aug 18, 2008, with the strategy described in Bandelt et al. 41 followed (e.g. both ''G8839A mtDNA'' and ''8839G/A mtDNA'' were queried). (Table 4) . None of these mtDNA variants has been reported to be associated with LHON, except for m.12811T/C, which was considered to be a secondary mutation for LHON expression 42 In the non-European context, m.12811T/C was regarded as a haplogroup-specific polymorphism in East Asians (M7b1 0 2) 36 and Native Americans (A2h). 46 The potentially synergistic effect of m.11778G/A and m.12811T/C might be the reason for an increased penetrance on the haplogroup M7b1 0 2 background. Intriguingly, three of the five M7b1 0 2 lineages that harbored nonsynonymous mutations at the twig level also had private amino acid changes in the MT-CO1 gene (Figure 1 and Table 4 ); this suggests that the decreased activity of cytochrome c oxidase and the partial dysfunction of complex IV might be related to the onset of LHON.
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For instance, m.7444G/A in the MT-CO1 gene causes a change of the termination codon of MT-CO1 to lysine and was claimed to be associated with LHON, 47 although this variant was prevalent in haplogroup V and should be categorized as a polymorphism. 33 Note that a recent study showed that pathogenic mutations are also common in the general population. 50 The previously unpublished variant m.7444G/C in Le1174 causes a similar problem as that of m.7444G/A and results in a change of the termination codon to threonine. Whether the change of the mitochondrial respiratory-chain complexes I and IV activities caused by the above mutations in MT-CO1, MT-CO2, MT-ND1, MT-ND2, MT-ND3, and MT-ND5 in M7b1 0 2 lineages would account for an increased risk for LHON awaits further experimental study. It is worth noting that in a recent study by Kazuno et al., 51 the four cybrid lines containing mtDNA with haplogroup status G1a1 (two), M7b2, and M7a1a generally had a lower cytosolic calcium response to histamine and a higher-level mitochondrial matrix pH compared to those cybrids containing mtDNA belonging to haplogroups N9a, A, B4, etc. This result suggests that potential alterations in mitochondrial pH and calcium concentration caused by the haplogroup background effects of M7b1 0 2 and G might be one of the mechanisms for the increased risk of LHON penetrance.
A protective effect of mtDNA haplogroup background has been reported for several diseases; e.g., haplogroup N9a confers resistance to type 2 diabetes in Asians 52 and to metabolic syndrome in Japanese women, 53 and haplogroup H reduces the risk of visual failure in European families with m.11778G/A. 7 In this study, we found that M8a enacted a protective effect on the disease expression in Chinese LHON families, and this protective effect became even more pronounced when we discarded small pedigrees. Analysis of three complete M8a mtDNA sequences from these families showed that each mtDNA had at least one private nonsynonymous nucleotide change at the twig level ( Figure 1 and Table 4 ). Family Le258 had a previously unpublished heterogeneous mutation at site 10747, and this site was conserved in vertebrates. Intriguingly, the haplogroup-specific nonsynonymous-variant pair m.8584G/A and m.8684C/T, causing a combination of amino acid changes A20T and T53I, is located in the ATP synthase 6 gene (MT-ATP6; MIM 516060). We performed protein secondary-structure modeling for the MT-ATP6 protein harboring the two M8a-specific amino acid changes in comparison to mutants containing a well-known pathogenic mutation at site 8993 (m.8993T/G or m.8993T/C), a rare LHON mutation m.9101T/C, 54,55 as well as the wild-type (rCRS) by using the TMpred program. As shown in Figure 2 , MT-ATP6 is a largely hydrophobic protein and contains two hydrophilic loops. Both m.8993T/C and m.8993T/G mutants alter the hydrophobicity, but m.8993T/G has a stronger effect, whereas m.9101T/C decreases the hydrophobicity close to the C-terminal end. The amino acid change A20T of M8a decreases the hydrophobicity, but this change is balanced by a reduction of hydrophilicity in the adjacent region, caused by T53I. It thus seems that the two specific amino acid changes are the cause of the protective effect of M8a and that they enhance the activity of the mitochondrial ATP synthase complex. Experimental data will be essential for confirming this speculation. In summary, by studying 1859 individuals in 182 Chinese families with LHON and m.11778G/A, we found that haplogroup M7b1 0 2, as well as, possibly, haplogroup G, significantly increased the risk of visual failure in Chinese individuals with m.11778G/A, whereas M8a might have a protective effect on the penetrance of LHON. Sex is the most significant factor for influencing the clinical expression of LHON (3.48-fold) in Chinese families but this influence is lower than that in European LHON families (5.41-fold). Haplogroup F is present at a much lower frequency in these affected families than in the general Han Chinese when we only counted the matrilines, whereas haplogroups D4 and M7c are present at a significantly higher frequency in the affected families. However, none of these haplogroups showed any effect on the penetrance of LHON. Similarly, frequencies of haplogroups M7b1 0 2, G, and M8a are not significantly increased in LHON pedigrees despite their apparent background effect on the penetrance. The exact reason for this apparent inconsistency remains unclear and this pattern is in contrast to the European study, 7 in which an internal consistency of the haplogroup association was observed, namely, haplogroup J is present at an increased frequency in LHON families with m.11778G/A and m.14484T/C, and subdivisions of this haplogroup have increased penetrance. Analysis of the complete mtDNA sequences of LHON probands with M7b1 0 2 and G status did not identify the two specific combinations of cytochrome b amino acid changes that are responsible for the background effect of haplogroups J1c and J2b in the penetrance of LHON in western European patients, 21 suggesting different mtDNA mutation spectra and mechanisms in the penetrance of LHON in the East and the West. The increased risk of LHON penetrance of haplogroup M7b1 0 2 may be due to the coexistence of m.11778G/A and m.12811T/C, whereas the effect of haplogroup G as a risk factor in the disease expression may be related to the nonsynonymous mutation m.4833A/G in the MT-ND2 gene. The haplogroup-specific combination of two amino acid changes A20T and T53I in the MT-ATP6 protein may be the cause for a beneficial background effect of M8a. The identification of haplogroup background in LHON expression in Chinese families will undoubtedly help to understand the pathogenesis of LHON and guide future genetic counseling.
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